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ABSTRACT

In Late 2000, numerous sequences of T phases were detected by seismic stations of the Polyrekianchaiw

the Cook Islands, with an origin in the Ross Séahaf coast of Antarctica. This obsation was corroborated by
records at seismic stations, at permanent sitesA/aigl SBA, and at the @lcano monitoring netark on Erelns. A
combined location procedure using both seismic phases (presumed to be Lg) and T phasesd, cmmahe

source of the aatity to huge icebeys which at the time were drifting in the Ross Sea after calvirtge@Ross Ice
shelf. Thesignals present a broadnety of spectral characteristics, most of them featuring prominent eigenfre-
guencies in the 4-to-7 Hz range, often complemented/é&yomes. Most epicenters follothe spatio-temporal
evdution of the drift of icebey B15-B. The majority of the signals are generated during a 36-day timewvinden

it is speculated that B15-B collided with smaller icgjsesr vas scraping the ocean floor on the skalfontinental
shelf. W& geculate on the possibleysical nature of the resonator generating the signals, which could correspond
to an elastic mode of the icegeor to the oscillation of the fluid-filled crack in the ice. The signalerdifom those
previously recorded duringolcanoseismic sarms in that the spectral linesvleaa nuch higher qualitydctor Q (in
general found to be > 100). Such oscillations documenivesmarce of acoustic engy in the ocean column, which

is of general interest in the framerk of the CTBT The location procedure used in this cahtdso underlines the
powerful synegy which can be deloped betweenarious kinds of geoptsical data. In 2002, more such signals are
being recorded fromarious sites aound Antarctica, and we also report on theslepi@ents, follaving the break-

up of a gigintic sgment of the Ross Ice shelf on 2002 May 10.
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OBJECTIVE

The objectie d this research is the analysis of the source characteristiggdaddtoustics signals in theovid's
oceans, and in particular the discrimination between man-nxpliesens and natural sources, such as eartleguak
landslides and alcanoes. W report here on the identification of awneource capable of contuting significant
hydroacoustic engy over extended periods of time.

RESEARCH ACCOMPLISHED

Starting in August 2000, seismic stations operating aghase stations in Polynesia detectedjurtar actvity orig-
inating from the Southern Ocean. The dttiwas concentrated in a group of 13 sequences (hereafter the "Ross
Events") whose principal characteristics are listedahl& 1, with representaé gpectrograms of signals shio on
Figures l1a-d.At seismic stations located on atolls, such ahda (\AH), the acoustic-to-seismic cegrsion is par
ticularly eficient, and the seismic signal at tfie-phase station can begeeded as essentially egalent to the
acoustic one inside the SABR, within the frequengc window of interest (X f <16 Hz). In most instances, the
enegy of the Rosswents is concentrated at one overal prominent frequencies, which suggests that its source
must irvolve the oscillation of some kind of resonatammdel also supported by the often long duration of the sig-
nals, e.g., BEsnt 4, which lasts for 3 hours. tever, some sequences feature significantly broader spectra (e.g.,
Event 12), and some kkEvent 2 (Figure 1a) last no more than 2 minutes. In addition, the fregoétice lagely
monochromatic signals does fluctuate with time, a property already etisguving the Hollisteralcanic svarm
(Talandier and Okal, 1996), with some of the Rossts featuring more substantignations of frequencwith

time (e.g., Eent 7), which gie the spectrograms a contorted, "seakaped” aspecEinally, sevaal sequences end
with singular signals»ibiting an increase of frequenavith time (suggeste d the shrinking of the resonator),
which can be slw and gradual (Eent 4) or &st and abrupt (Eent 3, Figure 1b)ln the case of Eant 13, the termi-
nation of the sequencevinlves a compbe evolution of prominent frequencies with time, featuringesal episodes

of frequeny decrease, a property termed "gliding" and identified during episodedoainic tremor (Hagerty et al.,
1997) which in general termsowld suggest a geometricadpansion of the resonator (Chouet, 1996).

A systematic gbrt was conducted to complement the Polynesian dataset with records atautifierdeismic sta-
tions. When wailable, the IRIS station at Rarote@RAR) provided increased azimuthal aperture; the statias,w
however, inoperatve from 04 to 18 December 200QJnfortunately no other seismic station could contuife

T —phase signals, and this for ariety of reasons, including blockage at NOUC, JOHN, and at the ocean-bottom
obsenatory H20; unfivarable station locationswolving long post-cowersion seismic paths AU, KIP, XMAS); a
probable combination of those dveffects at VIB; and a high Vel of background noise at the small island of Pit-
cairn (PTCN). Finally, no sgnal was detected at Easter Island (RPN), where detectidnpblases has been pire

ously recognized as igelar (Okal and dlandier 1997; Okal et al., 2001; Reond et al., 2001).

The principal gents in the sequence were first located using the techniquespkd by Blandier and Okal (1996)
during the Hollister glcanic svarm: using whener possible impulsie arival times of sharp subvents, or in their
absence, diérential trarel-times between stations by cross-correlating the fluctuations with time of the frgeguienc
guasi-monochromati€ waves. Afterimplementing station corrections to compensate for the posesion land

path, the locations of the sources wensited using the seasonally adjusted, lateradlyyimg model of acoustic
velocities of Levitus et al. (1994).The location procedure is enhanced by a Monte Carlo algorithm consisting of
injecting Gaussian noise into the dataset of/drtimes (Wsession et al., 1991); a best-fitting ellipse is then com-
puted for the resulting cluster of epicenters.

In all cases, these preliminary epicenters locate in the general area of the Ross Sea, and of theirBoestdyre
Geoge V coasts of Antarcticaubthe limited azimuthal a@rage preided by the band ofvailable stations (at

most 30) results in weak resolution of epicentral distanbkevertheless, seeral statistically distinct groups can be
identified, with Eents 2 and 13 along the coasts, while the remaining epicenters locate in the center of the Ross Sea.

In view of these preliminary results, we conducted a systematic search for additional recorderdiatal seismic
waves & Antarctic stations. \&were able to identify signals at the IRIS station at Scott Bas&)(%8Bthe GTSN
station \anda (VNDA), and at seeral stations of the Mount Erab \blcanic Obseratory (MEVO), located on Ross
Island (courtesy of DRichard Aster).
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In order to use the Antarctic seismic signals in a combined relocation with the Polyhgdmses, we need to
know the \elocity of seismic wves dong the source-to-recar path. For this purpose, we tested a series of reloca-
tions, for \ariable \alues of the @locity V to the Antarctic stationsln this experiment, we used a priori bounds of
Vmin = 1. 3km/s, thus including the possibility of an acoustatoeity in the cold waters of the Southern sea, and
Vax = 8. 25km/s, corresponding toR,, velocity under the continental shelf, and waiedV in increments of 0.05
km/s. For each alue ofV, we quantify the quality of the relocation through the root-means squares of the residuals,
o. We cetermined that the best-fittinge ofV is consistentlyW; = 3. 7+ 0. 2km/s.

The interpretation oV is not straightfonard, and remains somvhat unresoled. On the one hand, it matches
well the \elocity of P waves in recrystallized ice (Thiel, 1961)However, and esen in the case of Eant 1, which
may hae accurred on the Ross Ice Shelf or at its boundary (se&vjdlus interpretation is improbable, since the
ice shelf is only 30@n thick, i.e., less than 1/5 of the longestwdengths recorded in AntarcticaolFthe other
evants located drther North, satellite imagery dispes the istence of a continuous layer of thick ice along the
path to VNDA.

Rather we propose to interpret the ards atV,, = 3.7 km/s asLy wavetrains, and interpreted as shear gyer
trapped in the continental crust (e.g., Kndpdf973). As documented, forxample by Bouchon (1982) and
Campillo et al. (1984)l.4 can be the first prominent asl at regonal distances in conditions whelPearrivas do
not emege from noise, in particular for shalNocrustal dislocation sourcedn addition, Ly enegy can propagte
efficiently at frequencies of avieHz (Bouchon, 1982) Furthermore, thealue ofV, falls in the range of predicted
and obsergd L 4 velocities in the reteant frequeng window (Cara and Minsterd981). Finally we will see that the
epicentral locations of the Ross Seants are on the continental shelf or at its boundaries, sd.thatvetrains
would not be blockd by transit wer an oceanic path.

Notwithstanding our inability to definitely identify the nature of the seismic phases recorded at Antarctic stations,
we will use the optimizedelocity V, = 3. 7km/s for all seismic phases at Antarctic stations in order to locate the
Ross gents from a combined dataset of acoustic and seismi@laimes.

As discussed indble 1, out of the 13 sequencegestigated, we obtain sen very well constrained locations, with
semi-major ags of= 25 km for the Monte Carlo ellipses (&ws 2, 3, 5, 8, 10, 11, 12), andotpoorly resohed
ones (Eents 1 and 13). The remaining sequencesr{isv4, 6, 7, 9) are\gn tentatve locations based on their tem-
poral association with well-locatedants. Asshavn on Figure 2, all epicenters¢saept Eents 1, 2, and 13afl in
the center of the Ross Se@he location of Egnt 13 (Figure 1d), which as recorded neither by the Antarctic sta-
tions nor by RKT could not be impreed beyond the estimate obtained from Polynesiaphases. Esnt 1 (15
August 2000) has a kge uncertaintybut lies significantly South of the NemberDecember group. As for Ent 2
(08 November 2000), it has a well constrained epicenter just South of Cape Adare on the Borki@past.

We reject wlcanism as a possible origin of the Ross Seats. First,an important aspect of our results is that all
nine located eents cannot share a common epicentéis is well documented by the Monte Carlo ellipses on Fig-
ure 2, and s confirmed by a formal attempt aterting the full dataset of ama times for a common epicenter
and distinct origin times, which resulted in unacceptable residuals of more than one Miautenclude that the
location of the Ross Seaants mwed with time in a generally SE to NW direction (with theception of Eent 2).
Their spatio-temporalvelution is in sharp contrast with our preus eperience of long-rangeytiroacoustic detec-
tion at wlcanic sites such as Macdonald Seamount and Hollister Riédgn{liler and Okal, 1996)Second, we
note the presence of three kmosites of wicanic (or fumarolic) actity in the area: Erals (77.6S; 167.2E), Mel-
bourne (74.355; 164.70E) and the Ballen Islands (68S; 163E). When tested as possible epicenters for our
datasets,.m.s. residualsxeeeding seeral minutes made all of these locations unacceptdbleéhe case of Eant

12, for xample, Erebs was a lgitimate epicenter on the basis of the R§Brbacoustic data alone). ttever, the
inclusion of the Antarctic dataset leads to a discrgpahmore than 9 minutes between Polynesian and Antarctic
stations. ¥ reject wlcanism as a source of the Ross Sests, since ¥en an uncharted wlcanic source wuld
have had to mee hundreds of km across the Ross Sea a period of a fev weeks.

Rather we propose that the sources of the Ross Seatg lie within \ery lage icebegs, documented to ta alved

off the Ross Ice Shelf in the [Northern] Spring of 2000, and which were drifting across the Ross Sea in a northwest-
erly direction during the later part of the yeake base our interpretation on the dataset of reported coordinates and
infrared satellite photographsaiable from the web site of the Urarsity of Wisconsins Antarctic Meteorological
Research Center (Angmous, 2002a).
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Around March-April 2000, IcebgrB-15 (300 km by 40 km) and the smaller B-17 to the Easedabf the shelf
around 78S, between 177 and 18&. By 15 August 2000, the date of &nt 1, B-15 had braa up into tw princi-

pal pieces, B-15A and B-15B, andrel smaller fragmentsB-15B then taks a Northerly path weerds the Center

of the Ross Sea, at ameeage drift \elocity of 4 km/day (or 5 cm/s)Figure 2 plots the positions of B-15B and B-17

at a number of dates between 098tber 2000 and 05 January 20@uring that time winde, B-15B en@ges in

a large rotation, collides with B-17 in Early Member 2000, caks of a further small fragment, B-15Bn its West

side, some time between 14 \Wmber and 29 Neember 2000, and frees itself from B-17 as the latter breaks into
pieces around 30 December 20@y 05 January 2001, B15-B has ¢aka Northwesterly direction, rounds Cape
Adare about 03 May 2001 (it has then loknto tw parts), and then progresses along the Oates Coast, where it
currently (2002) lies around 195 (Anonymous, 2002b).

As documented on Figure 2, there is a spectacular correlation between the epicentemssd,By 8, 10, 11 and 12
(and hence presumably of the inteming Eents 4, 6, 7, 9) and the location of the icgbeé815-B and B-17. In par
ticular, the spatio-temporalelution from the Southeastern group of epicenters (3, 5, 8) werNoer to the North-
western one (10, 11, 12) in December mimics the drift and rotation of B-ltbBie case of the relatly poorly
located Eent 1 (on 15 August 2000), Figure 2 wisothe Northern end of the tgr Monte Carlo ellipse similarly
intersecting the position of B15-B on that same day

On this basis, we propose that the source of the Rossv8#a eonsists of unidentified phenomena taking place
inside lage icebegs (principally B15-B) drifting in the Ross Sea.

As discussed belg we can ofer only vague speculation as to the nature of s taking place inside the ice-
bergs and generating theydroacoustic and seismic signals studidéthatever these phenomena may be, it is
remarkable that tlyetake dace only during a small part of the long drift of B-15B from the Ross Ice shelf to Cape
Adare and bgond, namely during a 36-day wind@nd over a dstance of less than 200 km (with theception of
Event 1, &rther South). In particulaB-15B becomes silent after 18 December 2000, and during its 4-nayabes

to Cape Adare. Wknow of no prominent batiimetric feature which auld eplain this pattern throughydroacous-

tic blockage along the path to Polynesia. RatBet5B’s slence must reflect the cessation of thggital source
process.

Among possible mechanisms for thecigation of an oscillatgrthat would be geographically (or temporally) con-
trolled, we emision collisions with other ice masses, and rubbing on the sea Agoossible scenarioauld corre-

late the Ross Seavants with the collision between B-15B and B-17, which lasted at least one month, until B-17
breaks into pieces at the end of DecemBabnther scenario @uld be to iroke friction on the floor of the Ross Sea.
Bathymetric coverage of the Ross Sea is scarce, especially since thantelrea lies outside the Southern limit
(72°S) of Smith and Sandwedl'(1994) satellite altimetry database.\Wwer, the Northern portion of B-15B’path
(traveled Westwards after 01 January 2001) most probably lies deep vater whereas its Southern portion (tra

eled Northvards) is @er the continental shelf. ®/can only speculate as to the presence gelaeamounts or other
undervater structures, ainst which the icebgrcould have ubbed, bt the spatio-temporal disttkion of the Ross

Sea gents would be in ery general agreement with this scenakli¢e dso note that significant icelgefurrons have

been documented on the sea flaocluding around Antarctica, at depths as great as 400 to 500 m (Harris and Jolly-
more, 1974; Barnes and Lien, 1988), makinggtitimate to assume that motioxeo the continental shelf at similar
depths would occasionally wolve sraping aginst batlymetric features.Finally, as shown by Campillo et al.
(1984), a superficial source (such as an igebaaping the ocean floor) wilkeite Ly most eficiently, whereas the
excitation of Py would be relatiely insensitve 1o depth; these propertiesowld lead naturally td_y being the
prominent seismic phase for sourcesiting the solid Earth at theatercrust interbce.

Regarding the actual pfsical nature of the sources generating the Ross Sea signals, the prominence ofalistincti
frequencies (typically 4 Hz) in mgrspectra (occasionally with harmonics) suggests the oscillation of a resonator
In this respect, our sourcesfdif significantly from the "icequals" widely obserwd ever since seismic stations were
installed on glaciers and g icecapsBeing essentially instantaneous sources, the latter are characterized by short
durations and a broad spectrum featuring high frequencies (Siuskiired al., 1999).Even the so-called "lo-fre-

gueny icequales” attriluted to calving of ice blocks from glaciers (QamE¥88) and occasionally featuring a
monochromatic spectrum \Wormer and Beg, 1973) are of much shorter duration than the Resg®

In order to ivestigate more in detail the spectral characteristics (eigenfregwadequality fictorQ) of a represen-
tative dgnal, we selected theAH record from Eent 4 (on 12 Neember 2000) because of itgaeptional duration
(3 hours). For this purpose, we use a running windof 81.9 s duration (4096 samples)fsat 10 s at a time. At
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each step, we then identify the frequerfg at which the spectral amplitud&( f) reaches its maximum, which we
interpret as the eigenfrequemaf the resonatolnd we fit a resonance card the form
A
X (f) = —— (1)
oy 72 f¢

(f = fp)2 + @

to the shape of the spectral amplitudigf) in the frequeng intenal | { f —0.125Hz < f < fy + 0. 125 Hz}. We
retain only alues ofQ for those windaws whereX(fg) is & least 40% of its maximumalue, and for which the
spectral line is adequately modeled by (1), as defined its goodnessTdfefitwo frames on Figure 3 sivahe \ari-
ation of fo andQ as a function of timg, taken at the center of the running windo

While f, can remain remarkably constantepintenals of time of a f& minutes (see Figure 1), Figure 3a wiso
that it varies significantly on a time scale of tens of minuthanges inf, can be continuous (e.g., the "gliding"
obsered at the start of the record), or sharp and stepwise, thewsnalith stronger and cleaner signals being more
stable in frequenc This would require the presence ofvermal oscillators, some of which capable of aoletion
with time of their eigenfrequegicwhich in turn most probablyxeresses arnvelution of their dimension.

The quality &ctorsQ of the resonators range between 100 and 650, withvarsenaerage alue of 250, much
greater than typically reported fooleanic tremor @ =5 to 10) or even during the Hollister sarms Q = 20 to 50);
this further agues strongly agjnst a wlcanic origin for the Ross Sea signalkhe attenuation of seismicawes in
ice has been reported in the Greenland icefield by Langleben (1969) who reporédidofh doeficient
c; = 4.45x 102 dBmkHz ! equivalent toQ = 166, and in sea ice byokinen (1970), who gés a $ope of attenu-
ation with frequeng g = 0.56x 10° m Hz !, equivalent to Q = 175. Note hwever that these alues were mea-
sured at considerably higher frequencies in both studies, and on longituaiaslimthe latter

Speculating further on the possibleypital nature of the resonatere mote the approximate dimensions of B-15B,
135 km by 40 km, and we talis thickness as at least 300 m, based on an estimation of trgeedrfraiction from
airborne photographs, and of the thickness of the Ross Ice shelf from seismic souwngs then eliminate
gravitational oscillations as the source of the signals, since the bobbing frgafi¢he icebeg on the sea wuld be
on the order of 30 mHz, rather than 4 Hzolling and pitching eigenfrequencie®wd also be much Veer than
obsened — on the order of 20 mHz.

Rather the frequencies obsesd could represenfavious eigenmodes of oscillation of the icebeFor example, for

a 0-m thick ice layerthe eigenfrequerycof a vertical shear mode auld be 3.07 Hz (withs = 1. 84km/s, or a
Poisson ratio of 0.34). The eigenfrequeif a fundamental "Crary" mode (Ewing and Crat934; essentially a
shear vavepropagting horizontally with a phaseshocity equal to thé —velocity «) would be 3.51 Hz for the ice
sheet in a &cuum; it could be &cted by the presence oater (Press and Ewing, 1951)tlits order of magnitude
would remain in general agreement with the resonance frequencieseasbsergur signals.This interpretation
would be particularly likly under the assumption that the ice mass is set in resonance by scraping the ocean floor
rubbing aginst another ice mass; it could alsplain the presence of harmonics, @emones, since seral modes
would be &cited by a source essentially similar to hitting a bell, and resulting in musical "richréaséver,

under this scenario, the icefjesould be &pected to resonate at a set of discrete, and well defined pitches, and the
obsened continuous fluctuation of eigenfrequgmdgth time would be more dffcult to explain.

Another scenario wuld involve the resonance of a fluid-filled ity in a mode comparable to the oscillation of
magma within a fissure in alkanic system (Aki et al., 1977As summarized by Chouet (1996), the eigenfrequen-
cies of such as a resonator are complmctions of its size and shape, and of the impedance contrast between the
fluid filling the crack and the surrounding medium. In the particular case of gesglibe fluid wuld have © be

water, but the almost certain presence of aibbles could greatly reduce the sound speed in the ffwithermore,

this model could xplain the obserd fluctuations of frequegiavith time, as both the dimensioof the resonator

and the supply of airdbbles could bexpected to ary with time continuous|yfor example during filling or empty-

ing of the fluid in the crackThese interpretations remain of course highly spewelatithis point.

CONCLUSIONS AND RECOMMEND ATIONS

We havedocumented prolonged episodes gtitoacoustic actity in the Ross Sea during the months of August-
December 2000. By combining datasetd gghases recorded in Polynesia withiomal seismic phases recorded at
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Antarctic stations, we obtain epicentral locations correlating systematically with the positiogeofidabegs,
specifically B-15 B and B-17, which were drifting in the Ross Sea at that time, and thus we conclude that the signals
originated at or inside the icelgsr Thisstudy illustrates the peerful synegy obtained by combiningyldroacous-

tic and classical seismological datasets, and resulting in epicentral precisionnofeageof km in a ery remote

area of the wrld’s occeans.

Despite a broadariability in the spectral characteristics of the Rogmnis, theg cannot be compared to seismic
sources praously identified and analyzed in the icevieonment, such as icequadk and calvingwents. Ratherour
obsenations define a mekind of source capable of contniting hydroacoustic engy to the SOKR channel wer
extended periods of time. The presence of preferential frequencies in the 3 to 7 Hz range (often associated with o
tones) clearly implicates the resonance of an oscillafoose gact nature presently eludes us.the contgt of the

use of lydroacoustic \aves for explosion monitoring, it is clear that a deepevestigation of the phenomena
involved is varranted; a possibleszenue would involve the direct deplgment of portable seismic stations on mas-
sive icebegs knavn to be calving dfthe major Antarctic ice shedg (May 2002).
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Table 1. Principal characteristics of the 13ents studied

Number Dateand time Epicenter DurationPeak-to-peak Remarks

DMJ) —— (mn) velocity at
(°S) (E) VAH (uml/s)
1 15AUG (228) 78.21 -168.61 1.3 1.23  Edge of Ross Ice Shelfo data at RAR, RKT
22:28:18.6 Monochromatic signal (3.5 Hz) withvertones;
sharp impulsie kegnning.
2 08NOv(313) 72.10 170.16 2 218 Borchgrerink Land. Relatively monochromatic;
22:18:31.3 frequeng fluctuates; nowertones.
3 12NOv(317) 75.76 -175.75 8 0.62 Central Ross Sedsenerally weak at Antarctic stns.
01:13:26.6 Narrav spectrum centered around 4 Hz. Strong final

puff with frequeng increasing with time.

4 12NOV (317) 75.8 -175.8 3hr 0.24 Central Ross Sea. Only traces in Polynesiadpt
06:00 — 09:00 VAH); No signal at SB and Erelus. Longsignal,
generally monochromatic (2.5 to 4 Hz), with
frequeng fluctuations bt few overtones.

5 14NOV(319) 75.92 -175.60 3 0.81 Central Ross Seao data: Erebs; No signal: SB.
01:01:56.6 Relatively broad spectrum on acoustic records.
Dominant frequenc2.5 Hz at VNDA.
6 19NO/(324) /5.8 -175.8 10 0.42  No signal: RSP)xept \AH. No data: Erehs, SB\.
002:30 Broad spectrum (2 - 16 HzAssumed in same
area as Eants 3-5, based on times at VAR VAH.
7 21 NO/(326) /5.8 -175.8 10 0.24  No signal: Polynesiaxeept \AH. No data: Erebs,
15:22 SBA. Fluctuationof dominantf, leading to "snad-

shaped" spectrogranAssumed at same location
as Eents 4-6, based on VMD& VAH times.

8 22NOV(327) 75.85 -176.28 10 0.34  Central Ross SeaNo data: Erebs, SB\.
21:32:13.0 Same general characteristics agv7.
9 05DEC (340)75.08 -177.75 8 0.30 Central Ross SeaNo data: Erebs; No signal: SB.
03:21:19.8 Broad spectrum (2 - 10 Hz), with domindnt2.9 Hz.
Final sequence with sharply increasing freqyenc
10 O05DEC(340)75.1 -177.8 15 0.32 Noisy record; broad spectrum (2 - 10 Hz), with 2
020:46 sequences; assumed to share location ehE.
11  15DEC(350)74.4 -1784 10 0.44 Central Ross SeaNo signal: SB. Broadspectra (2 -
03:16:14 12 Hz); weak correlation of acoustic and seismic records.
12 18 DEC (353) 74.82-178.68 8 0.42 Central Ross Seawb parts; 1st short (30 s) with impulsi
09:56:29.1 start; 2nd emgrent and long (150 s). Broad spectrum.
13 14 AN (014) 67.0 1415 7 1.31 Off Oates or Geae V CoastsNo signal: RKT all
2001 Antarctic stations.Relatively broad spectrum with
17:36:10 dominantf at 4, 5.5 and 7 Hz; first sequence ends

abruptly followed by short (60 s) pfjfwith spectrogram
shaving several lines of strongly decreasing frequencies
(gliding). Locationonly tentatve.

659



24th Seismic Research Review — Nuclear Explosion Monitoring: Innovation and Integration

£O:00LU

EVENT 2 ; 08 NOV 2000 09 06 05 0
16 \ \ T \ \ I 1 16
14 132 1 14
/,'\‘\ o<
T 2L 4 112
>_
O
Z 10 1 4 10
Ll .
: i
g 8L 1 48
o |
- Ly
6 = 3 6
4 —"— —--_g- 4
2 - 42
x Opm -20
gv -4 —24.
s § o L
Tw -2 -32
8 o — 16 —36
& \ i i i \ I _ooll _40
0 40 60 80 100 120 140 160 g
Time (s)

Figure la. T-phase ecord of Ewent 2 at Vaihoa. Thefigure is mmposed of thee frames: The bottom one
shows a 160-second time series of theaynd velocity (in black), high-passed filteed for f =2 Hz. The
frame at right is a plot of the amplitude spectrum of the high-pass-filtesd ground velocity record. The
main color frame is a spectogram representation of the distritution of spectral amplitude in the record, as
a function of time and frequency The colorcoding is logarithmic, with the key (in dB relative to the most
energetic pixel) gven at bottom right. White pixels correspond to spectral amplitudes belo —40 dB. Note
the impulsive gart of the signal, and the slav, contained, fluctuation of the prominent frequency with time.
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Figure 1b. Same as Figue 1a for Event 3. The time series is nw 600-s long Note the singular signal ending
the sequence, featuring an in&ase of fequency with time.
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Figure 1c. Same as Figug 1a for Event 9. Note the elative momplexity of the spectrum, and the tend towvards
an increase in fequency at the end of the main pulse (400 s into the signal).
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Figure 1d. Same as Figue la for Event 13. Note the complex character of the specdgram, especially in the
final phases of the pulse, wherthe eigenflequency tends to de@ase with time ("gliding").
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Figure 2 Final epicenters obtained by joint irversion of T-phase and seismic data. The indidual epicenters
are shown as black solid dots and the associated Monte Carlo ellipseseathaded (see color &y at right;
Event numbers in italics). The position of B-15 B is shan schematically at a number of dates fsrm August
2000 to Anuary 2001 (colorkeyed; legend at top). Bsitions of the smaller icebey B-17 are dso shavn at a
few critical times until Late November 2000, when it beaks up into piecesdllowing its collision with B-15
B. The paths of the two icebegs ar dso shavn continuously by the dotted (B-15 B) and dashed (B-17)
lines. Theupward-pointing triangles show the global network seismic stations VNIA and SBA, the down-
ward-pointing ones the MEVO network on Ross Island. The dark blue egion schematizes the portion of
the shelf which caled off and eventually gave rise to the B-15 and B-17 series. The gjection is equidistant
azimuthal centered at the South Rle.

664



24th Seismic Research Review — Nuclear Explosion Monitoring: Innovation and Integration

VAH EVENT 4 12 NOV 2000

~ 7 | | | |
z 6(a), .. _
[ » ° °Qq

> 5 L ° ° .

% 4L S, e o ...o.. re . .:o. |

= [y W at -

9 3 - ~ e V ctsnmey . .

x 2 Ty I 01 ;ﬁ ) [ I.Oo.. ]

h- 0 2000 4000 6000 8000 10000

4 i i i i i 10000

- 35 - (b) _
Nl 3 R — 1000
° 925 L4 L A i _

o .t 4 4 A A 9
o 2 - A —4100
|

1.5

| | | | |
0 2000 4000 6000 8000 10000
TIME (s)

Figure 3 Evolution of spectral properties with time during Event 4. (a): Frequency fo at maximum of spec-
tral amplitude. (b): Values ofQ retained by application of quality thresholds.
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